The K€ olliker-Fuse nucleus (KF) is known primarily for its respiratory function as the "pneumotaxic center" or "pontine respiratory group." Considered part of the parabrachial (PB) complex, KF contains glutamatergic neurons that project to respiratory-related targets in the medulla and spinal cord (Yokota, Oka, Tsumori, Nakamura, & Yasui, 2007) . Here we describe an unexpected population of neurons in the caudal KF and adjacent lateral crescent subnucleus (PBlc), which are g-aminobutyric acid (GABA)ergic and have an entirely different pattern of projections than glutamatergic KF neurons. First, immunofluorescence, in situ hybridization, and Crereporter labeling revealed that many of these GABAergic neurons express FoxP2 in both rats and mice. Next, using Cre-dependent axonal tracing in Vgat-IRES-Cre and Vglut2-IRES-Cre mice, we identified different projection patterns from GABAergic and glutamatergic neurons in this region. GABAergic neurons in KF and PBlc project heavily and almost exclusively to trigeminal sensory nuclei, with minimal projections to cardiorespiratory nuclei in the brainstem, and none to the spinal cord. In contrast, glutamatergic KF neurons project heavily to the autonomic, respiratory, and motor regions of the medulla and spinal cord previously identified as efferent targets mediating KF cardiorespiratory effects. These findings identify a novel, GABAergic subpopulation of KF/PB neurons with a distinct efferent projection pattern targeting the brainstem trigeminal sensory system. Rather than regulating breathing, we propose that these neurons influence vibrissal sensorimotor function.
2 (FoxP2), has been detected in some PB neurons, including KF (Gray, 2008; Geerling et al., 2011; Miller et al., 2012) providing an opportunity to revisit PB anatomy with respect to this marker. Across several PB subnuclei, FoxP2-expressing neurons are thought to be glutamatergic (Miller et al., 2012) . We hypothesized that a caudal subset of FoxP2-expressing neurons are GABAergic, with distinct axonal projections relative to glutamatergic FoxP2 neurons in this region. As an initial step toward exploring the relationship between inhibitory and excitatory KF neurons, we analyzed the locations and genetic expression patterns of glutamic acid decarboxylase 67 (Gad67 [Gad1], Vgat, and Vglut2 in FoxP2-immunoreactive (-ir) neurons throughout the PB complex in rats and mice. We then performed cell-type-specific axonal tracing from glutamatergic versus GABAergic neurons in and around the KF.
| MATERIALS A ND METHODS

| Rodents
All mouse strains used here were heterozygous for the transgenes and maintained on a mixed background. For Cre-dependent axonal tracing, we used adult Vglut2-IRES-Cre and Vgat-IRES-Cre mice (Vong et al., 2011) derived from a colony in the Lowell laboratory (n 5 3 male and n 5 8 male and female, respectively; 20-33 g). Adult male rats (Wistar, Kobe, Japan; 280-300 g, n 5 3) and mice (30-36 g, n 5 3 wild-type offspring of a Vglut2-IRES-Cre breeding pair) were used for in situ hybridization (ISH) immunohistochemistry.
To visualize putatively GABAergic and glutamatergic neurons, we also used brain sections from the F1 progeny of adult male Vglut2-IRES-Cre (n 5 2) and Vgat-IRES-Cre (n 5 2) mice crossed with a R26-loxSTOPlox-L10-GFP "Cre-reporter" (Krashes et al., 2014) . In these mice, cells and cell lineages that expressed the Vglut2 or Vgat Cre-driver (in the adult cell, or earlier in development) produce Cre-recombinase, which induces green fluorescent protein (GFP) expression permanently by deleting a floxed STOP sequence. In this particular reporter strain, GFP is conjugated to the ribosomal L10 subunit (Krashes et al., 2014) , thus restricting GFP to the soma and proximal dendrites, which results in excellent neuronal cell body visualization. The brain-wide distribution of Vglut2-and Vgat-IRES-Cre was shown in their original publication by the Lowell laboratory (Vong et al., 2011) . We bred the mice locally and confirmed the genotype of every mouse via polymerase chain reaction (PCR) assays for Cre and L10-GFP. 
| Stereotaxic AAV injection
Under anesthesia with either isoflurane (1.5%) or ketamine/xylazine (60/7.5 mg/kg i.p.), mice received stereotaxic microinjections into the lateral PB and KF. All injections were made into the right side of the brainstem. The coordinates used for Vgat-IRES-Cre mice ( Figure 2) were: 1.85 mm lateral, 5.0 mm caudal to bregma, and 2.95 mm deep to dura. Coordinates for Vglut2-IRES-Cre and additional Vgat-IRES-Cre mice were slightly more rostral: 1.8 mm lateral, 4.6 mm caudal to bregma, and 2.9 mm deep to dura. We delivered picoliter air puffs to a fine-tipped glass micropipette, adjusting the duration and frequency while monitoring the fluid meniscus with a calibrated eyepiece reticule, to deliver 4 to 5 nL (Figure 8a unc.edu/genetherapy/vectorcore) or a similar construct packaged in AAV10 (gift of Michael Lazarus, WPI-IIIS Lazarus Laboratory, University of Tsukuba, Tsukuba, Japan). Each injection was made slowly, lasting up to 5 min, and was followed by a delay of 3 to 5 min before the pipette was retracted slowly. After closing the scalp wound with VetBond (3M) or vinyl sutures, we monitored mouse recovery on a 36 8C warming pad and administered postoperative analgesia (meloxicam; 5 mg/kg, s.c. or Rimadyl; 5 mg/kg, once per day for 2 days). Mice were then returned to their original cages for at least 4 to 5 weeks, which we and collaborators have found to be optimal for production and axon transport of ChR2-mCherry.
| Perfusions and tissue preparation
We anesthetized mice with a lethal dose of chloral hydrate (700 mg/ kg) and perfused them through the ascending aorta with 10 mL of phosphate-buffered saline (PBS) at room temperature followed by 50 mL of 10% formalin in PBS. Each brain was removed immediately and postfixed overnight in formalin-PBS at 4 8C. After cryoprotection in 20% sucrose-PBS, the brain was cut into 30-mm-thick axial sections on a freezing microtome, and the sections were collected in separate 1-in- 
| Immunohistochemistry
Antibodies used in this study are listed in Table 1 . To visualize FoxP2 in combination with in situ hybridization, we used a rabbit polyclonal raised against a synthetic peptide conjugated to keyhole limpet hemocyanin (KLH) derived from within residues 703 to 715 to the Cterminus of human FoxP2. Preincubation with this peptide prevents staining (Campbell et al., 2009) . In tracing and in cre-driver labeling experiments we used an affinity-purified sheep polyclonal antiserum (diluted 1:4-5,000) raised against a recombinant peptide sequence corresponding to Ala640-Glu715 of human FoxP2 (R&D Systems, Minneapolis, MN; AF5647). Both FoxP2 antisera labeled neuronal nuclei in the mouse brainstem in a pattern identical to one another and similar to that in rats, and both labeled a pattern identical to the distribution of Foxp2 mRNA labeled in the Allen Brain Atlas (Lein et al., 2007) .
Staining in rat tissue was entirely confined to neuronal nuclei, as expected. In mouse tissue the Abcam FoxP2 antibody consistently stained a small subset of fibers in the caudal PB (Figure 3d-g ). This was clearly distinguished from the nuclear FoxP2-ir label.
To trace axons in Cre-driver mice, we used a rabbit polyclonal antibody (diluted 1:5-10,000) that binds dsRed-derived red-fluorescent proteins, including mCherry (Clontech, Mountain View, CA; #632496).
The dsRed antiserum did not label any cells or axons in our control tissue from Cre-and wild-type mice that were not injected with an mCherry construct, and in our experimental mice it never labeled cell bodies outside the injected region or axons outside the established set of regions previously found to receive projections from KF/PB (Herbert et al., 1990) or from brainstem nuclei bordering them (Kudo, 1981 
| Immunofluorescence
To compare FoxP2 labeling in putatively glutamatergic and GABAergic neurons in the PB complex, we immunolabeled brain tissue from offspring of R26-loxSTOPlox-L10-GFP reporter mice and Vglut2-and Vgat-IRES-Cre mice (see section 2.1 above). After washing sections in PBS, we used the same FoxP2 antiserum as above (sheep polyclonal), diluted 1:4,000 in PBT with 0.2% normal horse serum. After overnight incubation at RT and PBS washes, we incubated the tissue sections in biotinylated anti-sheep (1:500 dilution, as detailed above) followed by streptavidin-Cy5 diluted 1:500 in PBT (Molecular Probes, Eugene, OR; #SA1011). Sections were washed in PBS, mounted on slides as above, dried overnight, coverslipped using Vectashield with 4,6-diamidino-2-phenylindole (DAPI; Vector), and stored in slide folders at 4 8C until imaging.
| In situ hybridization 1 immunohistochemistry
The vectors containing a partial, 3.3-kb cDNA template for Vglut2 (Stornetta et al., 2003) and a full-length, 3.2-kb cDNA encoding rat
Gad67 (Erlander, Tillakaratne, Feldblum, Patel, & Tobin, 1991) 
| Image analysis and axon tracing
Fluorescence and brightfield whole-slide imaging was performed at 1003 using a slide-scanning microscope (Olympus VS120 or Hamamatsu NanoZoomer). Sections were analyzed at 1 3 to 13x in OlyVIA (Olympus) or NDP.View (Hamamatsu). For further analysis and figures, sections were exported as "13" and "103" (full-resolution) screen captures, and then imported and manually retiled in Inkscape 0.91 (https://inkscape.org/en).
For Vgat projections, we traced axons from the 10 3 images, using the pen tool, and outlined anatomical boundaries using 1 3 images from sections that had been Nissl counterstained. For Vglut2 projections, we traced axonal projections using a camera lucida attached to
an Eclips E-400 microscope (Nikon). For display purposes, to match the orientation of tissue slides in Vgat cases, some drawings and images were flipped to show injections on the left side of the page. 
| R E S U L T S 3.1 | GABAergic and glutamatergic FoxP2-ir neurons in the PB complex in rat
We first investigated the distribution of GABAergic and glutamatergic PB neurons in rats, the species in which most PB anatomic studies
Examples from adjacent tissue sections labeled for FoxP2 (brown, DAB) and either Gad67 (magenta arrowheads in A) or Vglut2 (green arrowheads in B). These examples are taken from the regions outlined in red in Figure 1F and F1. Note that colors were adjusted to enhance the contrast between DAB and DIG labeling (see Materials and Methods). Scale bar 5 100 mm in B (applies to A and B).
FIG URE 3 Distribution of GABAergic and glutamatergic FoxP2 1 neurons in mouse. (A-G) ISH for Gad67 (left column) and for Vglut2 (right column) again revealed complementary clusters of FoxP2-expressing neurons in the dorsolateral pons, including a prominent group of GABAergic neurons in the caudal KF and PBlc (C-G). Magenta dots indicate FoxP2-immunolabeled neurons expressing Gad67 (left) and lacking Vglut2 (right). Green indicates FoxP2 1 neurons lacking Gad67 and expressing Vglut2. Brown axonal staining represents unidentified cross-reactivity with the rabbit-anti-FoxP2 antiserum and an unidentified mouse antigen that does not occur in rat tissue. Note the absence of FoxP2-ir in the PBel; the Allen brain atlas also shows Foxp2 mRNA encircling the PBel. Note that DTN neurons, which are GABAergic, contained week FoxP2-ir and we did not mark these neurons with dots. For abbreviations, see Figure 1 legend. DTN 5 dorsal tegmental nucleus.
have been conducted (Saper & Loewy, 1980; Fulwiler & Saper, 1984; Chamberlin & Saper, 1992 , 1994 Miller et al., 2012) . As expected, most neurons in the PB complex expressed Vglut2; Figure 1a -f). Relatively few PB neurons expressed Gad67; these were located primarily at the ventral and lateral margins of the PB complex. Within the rostral part of the KF subnucleus, most or all neurons expressed Vglut2 ( Figure   1a1 and b1). At progressively more caudal levels of KF and the adjacent PBlc, however, GABAergic neurons became more prominent ( Figure   1d -f).
The transcription factor FoxP2 was expressed by many neurons in the PB complex and nearby brainstem nuclei (Figure 1 ). Their general distribution was similar to that described previously (Geerling et al., 2011; Miller et al., 2012) . For example, dense nuclear staining for 
| GABAergic and glutamatergic FoxP2-ir neurons in the PB complex in mice
We next compared the distributions of GABAergic and glutamatergic FoxP2-ir neurons in mice (Figure 3 ). The distributions of Gad67 mRNA, Vglut2 mRNA, and FoxP2-containing neurons in the mouse PB complex were largely similar to those in rats. In both species, PBel was distinctly void of FoxP2 immunoreactivity (Figures 1 and 3) . Rostral to PBel, most FoxP2-ir neurons in and around KF were glutamatergic ( Figure   3a1 -c1), while at caudal levels most were GABAergic (Figure 3d-g ).
FoxP2-ir neurons in dorsal lateral PB subnucleus (PBdl) were glutamatergic, even at caudal levels. Finally, as in rat, primarily GABAergic 
| GABAergic efferent projections from KF-PBlc
To selectively label the projections of GABAergic PB neurons, we used
Cre-dependent axonal tracing. Genetically encoded tracers produce robust labeling in axons and terminals (Chamberlin, Du, de Lacalle, & Saper, 1998) , and a recombinase approach allows us to label selectively those axons projecting from Cre-expressing neurons (Gautron, Lazarus, Scott, Saper, & Elmquist, 2010) . Figure 7 shows the distribution of mCherry-ir neurons that were transduced after microinjecting AAV-DIO-ChR2-mCh in the PB-KF region of a representative Vgat-IRESCre mouse (case IR72). The subnuclear localization of neurons transduced with ChR2-mCh, based on FoxP2 immunolabeling (blue nuclei in Figure 7 ) and Nissl cytoarchitecture in adjacent sections (not shown), included primarily the caudal KF and PBlc-the same PB subregions that contained GABAergic FoxP2 1 neurons. As expected, many of the transduced neurons contained a FoxP2-ir nucleus. These were clustered in the caudal KF and PBlc, similar to the Gad67-expressing and
Vgat-reporting FoxP2-ir neurons described above.
The distribution of mCherry-ir neurons extended dorsally and rostrally as well, with a few neurons labeled in the dorsal nucleus of the lateral lemniscus (DLL). The DLL contained large GABAergic neurons that strongly expressed Gad67 (Figure 1a,b) . DLL neurons also Figure 3G and G1. Note that colors were adjusted to enhance the contrast between DAB and DIG labeling (see Materials and Methods). Scale bar 5 100 mm in B (applies to A, B).
expressed GFP reporter for Vgat-IRES-Cre and lacked FoxP2-ir ( Figure   6g ). The presence of GABAergic neurons here is consistent with prior descriptions of GAD immunoreactivity in cats, rabbits, and rats (Adams & Mugnaini, 1984) . The DLL receives auditory information from the cochlear and superior olivary nuclei (Glendenning, Brusno-Bechtold, Thompson, & Masterton, 1981) , and projects to the inferior colliculus (Kudo, 1980) . One of our injections (IR68), which missed KF dorsally and transduced neurons mainly in the DLL, produced axonal labeling primarily in the IC. DLL axons did not project to any of the regions tar- GABAergic neuron population(s) in this region generate the modest projection to the DMH. Rostral to the DMH, a few axons coursed through the rostral LHA and lateral preoptic area (LPOA). One or two fibers in the LPOA could be followed up to the level of the anterior commissure decussation, without branching or establishing any terminal fields at any level.
| Glutamatergic efferent projections from KF-PBlc
Injecting AAV10-DIO-ChR2-mCh in Vglut2-IRES-Cre mice (n 5 3) transduced many neurons in the lateral PB and KF. The density of labeled glutamatergic neurons and axons precluded plotting labeled neurons individually at the injection site; instead, mCherry-immunoreactivity is shown in Nissl-counterstained sections from a representative case (SY676) in Figure 5m -p. In each Vglut2 case, descending axonal projections from these neurons arborized extensively in the familiar KF targets (Herbert et al., 1990; Yokota et al., 2007) . In contrast to these heavy projections to cardiorespiratory nuclei, glutamatergic input to the trigeminal sensory nuclei was minimal, with the exception of light, bilateral terminal fields in Vi (Figure 5v,w) , the only brain region receiving inputs from both GABAergic and glutamatergic KF neurons. The principal and other trigeminal sensory nuclei contained sparse axonal labeling at some levels, but the density was strikingly low relative to the GABAergic projections described above, especially given the greater number of neurons transduced in Vglut2-IRES-Cre cases.
| DISCUSSION
Our data reveal a previously unidentified, GABAergic subpopulation of PB neurons. These neurons express Gad67, Vgat, and FoxP2 and project to the trigeminal sensory nuclei. Their distinct axonal projections suggest a function distinct from that of glutamatergic KF neurons that participate in respiratory control (Figure 9 ).
| Technical considerations
Using Cre recombinase to label neurons and trace their axons raises unique technical concerns. First, inefficiencies in the expression of Cre or recombination with various reporters (Schmidt-Supprian & Rajewsky, 2007; Liu et al., 2013) can increase variability and reduce sensitivity. We mitigated these problems by using IRES-Cre knockin mice and an L10-GFP strain with robust and well-documented Cre-reporting (Vong et al., 2011; Krashes et al., 2014; Geerling et al., 2016) . In these mice, GFP labeling was consistent and robust, and conformed to established locations of glutamatergic and GABAergic neurons. We did not find any GABAergic or glutamatergic brainstem regions lacking the respective Cre-reporter.
Another consideration is that, at any developmental stage, even transient expression of Cre will result in permanent removal of loxP sites, and thus expression of its reporter, even after the Cre-driver gene is no longer expressed. Indeed, GFP reporter expression is prominent in Vglut2-IRES-Cre mice in several regions where adult neurons express Vglut1 and not Vglut2, including the cerebral cortex, the hippocampus, and-bordering the PB complex-the mesencephalic trigeminal nucleus (Pang et al., 2006) . This property is useful for fate-mapping studies (Machold & Fishell, 2005; Xu, Tam, & Anderson, 2008) , but in our study it could lead to the inappropriate identification of some GFPexpressing neurons as glutamatergic or GABAergic, even if they no longer express the respective vesicular transporter. We mitigated this concern in two ways. First, we used a stable marker in both Cre reporter lines (FoxP2), and found complementary patterns of labeling relative to this marker in the caudal KF and PBlc, showing that GABAergic neurons there do not produce Vglut2 at any stage of development ( Figures   5 and 6 ). Second, we directly labeled Vglut2 and Gad mRNA, again in
Hypothesized KF inputs to respiratory and whisking sensorimotor circuits.Top: The pre-Botzinger complex (pre-Bot) is the site of respiratory rhythm generation (Feldman, Del Negro, & Gray, 2013) . KF glutamatergic neurons target the ventrolateral nucleus of the solitary tract (vlNTS) and the commissural NTS (commNTS), which receive airway mechanical and blood gas sensory information, respectively. The KF also targets motoneurons (Yokota et al., 2001 (Yokota et al., , 2007 Yokota, Niu, Tsumori, Oka, & Yasui, 2011), and likely premotoneurons (rVRG; Ellenberger & Feldman, 1990; Herbert et al., 1990) , which innervate the diaphragm (phrenic nucleus), tongue (XII), and larynx (nucleus ambiguous [NA] ). All these projections are excitatory. Bottom: GABAergic KF neurons contact areas that receive primary afferent terminals from trigeminal ganglion neurons that innervate vibrissal follicles (PrV, Vi, Vc) . In addition to thalamic-projecting sensory neurons, these areas contain premotor neurons that innervate vibrissal motoneurons in lateral VII and through which GABAergic KF neurons may influence motor output, which is driven by neurons in the "vibrissa" subregion of the medullary intermediate reticular formation (vIRt) , which is medial to the pre-Bot (Moore et al., 2013) . Finally, we hypothesize that the subset of glutamatergic KF neurons that innervate Vi bilaterally and the lateral part of VII are part of the vibrissal system rather than the respiratory system.
comparison with FoxP2 (Figures 1-4) . With the exception of the mesencephalic trigeminal nucleus, the distributions of mRNA and
Cre-reporter in this region of the brainstem were similar. showing prominent FoxP2 expression in the KF, PBlc, PBcl, and PBdl and its exclusion from the PBel in rats (Geerling et al., 2011; Miller et al., 2012) . We show similar labeling patterns in both rats and mice.
Our data strengthen previous assertions that the mouse and rat PB complexes are homologous, with most cell groups in similar positions relative to one another.
Our conditional tracing from GABAergic and glutamatergic PB neurons each labeled a subset of the pathways previously seen with nonselective tracing. It is now clear that both GABAergic and glutamatergic neurons contribute to descending projections from the PB and KF. Together they account for all the descending projection sites previously noted. For example, Yoshida and colleagues (1997) demonstrated PB projections to the trigeminal sensory nuclei and the dorsal horn, arising from the caudal KF and the rostral KF, respectively. This complements our finding of trigeminal projections from caudal GABAergic neurons, and dorsal horn projections from rostral glutamatergic neurons. Our finding of glutamatergic PB inputs to the phrenic motor nucleus confirms our earlier tracing (Yokota et al., 2007 (Yokota et al., , 2015 , and we confirmed that KF inputs to the IML are excitatory.
Projections from the KF to the facial motor nucleus, which are excitatory (Figure 5t ,u), were first identified in cats and opossums (Takeuchi, Uemura, Matsuda, Matsushima, & Mizuno, 1980; Panneton & Martin, 1983) . PB tracing studies in rats also noted facial motor nucleus projections but paid them little attention compared with the respiratory-related targets (Herbert et al., 1990; Dutschmann & Dick, 2012) . In a study focused on selective labeling of inputs to vibrissal motoneurons, Hattox, Priest, & Keller (2002) Gray, 2008) , and therefore may not originate from Math1/Atoh1 precursors.
We hypothesize that these neurons in the caudal, ventrolateral PB complex, specifically those that express FoxP2 and are not Math1/ Atoh1 derived, correspond to the GABAergic subset we identify here.
Furthermore, we predict that these neurons originate from a separate lineage of rhombic lip precursors, which express Ptf1a. Ptf1a precursors give rise to the GABAergic Purkinje cells and interneurons of the cerebellum (Hoshino, 2006) , and do, in fact, give rise to a cluster of FoxP2-ir neurons in the caudal, ventrolateral PB complex; this is evident from Figure 4A of the fate-mapping study from Gray (Gray, 2008) . It is important to note that Figures 3 and 4 in Gray's study are mislabeled;
in Figures 3D and 4 , the ovoid region at the lateral margin of the PB complex, rimmed by FoxP2-ir neurons, is labeled "Pr5." It is now clear from comparing the distribution of FoxP2 in adult mice and rats here, and from the complementary distributions of FoxP2 and Lmx1b in rats shown by Miller and colleagues (2012) , that this region is the PBel, not Pr5. That is, PBel neurons express Lmx1b, and another figure in that study (Gray, 2008) does in fact show Lmx1b-expressing neurons in this position. Also, the arrows in Figures 3F and 4 pointing to "KF" actually point to FoxP2-ir neurons in the PBcl/dl, and we believe that the cell group located ventrolateral to PBel in Figure 4 of Gray (2008) corresponds to the GABAergic, FoxP2-ir neurons we describe here in the caudal KF and PBlc. Most neurons in that position expressed YFP reporter for Ptf1a ( Figure 4A ) versus none for Math1/Atoh1 (Gray, 2008) , so GABAergic KF neurons probably derive from Ptf1a precursors in the rhombic lip, similar to GABAergic cerebellar neurons and separate from the Math1/Atoh1 source of cerebellar granule neurons and FoxP2 1 neurons in the PB.
In contrast, the origin of rostral, glutamatergic neurons in the mouse KF is less clear. Glutamatergic, FoxP2-ir neurons in most subnuclei in the lateral PB clearly originate from Math1/Atoh1 precursors in the rhombic lip (Gray, 2008; Rose et al., 2009 ). Lmx1b-expressing neurons in the PBel develop separately, from precursor cells in the roof plate epithelium that express both Lmx1a and Lmx1b (Zou et al., 2009 
| Functional implications
To date, the PB complex has been related to control of breathing, blood pressure, blood volume and osmolarity, ingestive behavior, behavioral state, and sensory processing of taste, pain, itch, and skin temperature (Spector, Norgren, & Grill, 1992; Buritova, Besson, & Bernard, 1998; Wu, Clark, & Palmiter, 2012; Davern, 2014; Akiyama, Curtis, Nguyen, Carstens, & Carstens, 2016; Morrison, 2016; Saper & Loewy, 2016) . The KF in particular is implicated largely in respiratory control (Dutschmann & Dick, 2012) . KF neurons may influence respiratory motor output directly by connections to motor neurons in the medulla and spinal cord or indirectly through premotor neurons in the ventrolateral medulla. Furthermore, KF may modulate mechanical and chemosensory feedback from the airways via projections to the NTS.
However, neither the heavy glutamatergic projection to the facial nucleus nor the GABAergic projection to the trigeminal sensory system can be readily integrated into a respiratory model.
Instead, we propose that these connections form part of the mystacial whisker sensorimotor system, in which rodents generate rhythmic vibrissal movements (whisks) to explore objects in their environment. Figure 9 summarizes KF projections that we hypothesize to mediate effects on the respiratory and whisking systems. Motor control of whisking is driven by a dedicated central pattern generator in the rostral medullary reticular formation, near the pre-Botzinger complex (Moore et al., 2013) . These neurons control lateral VII motoneurons that innervate intrinsic vibrissal muscles, which drive the whiskers forward, with retraction being mostly passive. The KF glutamatergic projection to lateral VII is well positioned to modulate whisking, while GABAergic input to sensory neurons in Pr5 and spV could modify vibrissal sensory processing.
Despite this circumstantial evidence, it is uncertain whether and how KF and PBlc neurons modulate whisker sensorimotor function. In keeping with a respiratory theme, the KF could help synchronize whisker movements with sniffs (Moore et al., 2013) . However, our anatomical data could also reflect an influence on sensory processing. Primary vibrissal afferents terminate topographically in the Pr5 and Vi, which in turn deliver sensory information to the somatosensory barrel cortex via the thalamus. We found heavy projections of GABAergic KF and PBlc neurons to the ventrolateral portions of the Pr5 and Vi, which is where the sensory representations of individual vibrissae are organized in barrelettes (Ma, 1991) . KF GABAergic terminal fields also target the ventral part of the Vi (Figure 5j ) and the interface of the deep Vc and MdD (Figure 5l ), which contain vibrissal premotor neurons (Takatoh et al., 2013) , so KF GABAergic afferents could also modulate the motor patterning of whisking.
| C O NC LU S I O N S
We describe a novel GABAergic cell group in the caudal KF subnucleus of the PB complex, with projections targeting primarily the trigeminal sensory nuclei. We suggest a new role for KF in whisking, played by GABAergic neurons and a subset of glutamatergic neurons with targets summarized in Figure 9 . Further insight into the physiological role of the GABAergic KF neurons will require determination of their inputs as well as the cellular identity, firing patterns, and functions of postsynaptic targets.
